A theoretical description of the frequency-dependent, complex dielectric permittivity of molecular single crystals is given within the framework of the relaxation polarization mechanism. The extended angular jump model, accounting for the local symmetry distortion, simulates the hindered molecular motion. Both the real and imaginary parts of dielectric permittivity are anisotropic in all cases of point symmetry groups of molecule motion, except for those of the cubic crystallographic system. The three-dimensional graphs of dielectric spectra, which can be helpful in practical application, illustrate the predicted spectra.
Introduction
The study of the hindered molecular motion (HMM) is one of the numerous useful applications of condensedstate dielectric spectroscopy. Some crystals and liquids include water molecules, ammonium ions, methyl groups, and other small atomic formations and molecules, which exhibit a hindered motion by giving rise to the energy loss of an alternating electric field at low frequencies. The fundamentals of dielectric properties of molecular substances deal with the concept of complex permittivity * [1] :
where and represent the real and imaginary parts of * . Usually, one examines the dielectric permittivity as * E-mail: fbashir@mail.ru functions of the frequency and the strength of the external alternating electric field, the temperature, and the pressure. Since the days of Debye, a time-dependent angular autocorrelation function (ACF) of the macroscopic electric polarization is applied to calculate the complex permittivity * in molecular liquids [2] [3] [4] . The explicit form of the ACF includes its dependence on the model of HMM. In molecular crystals, the ACF depends also on the crystal orientation with respect to the electric field strength [5, 6] . However, the peculiarity of anisotropic behavior of complex permittivity in molecular single crystals was not presented until now. The present article fills a gap in this knowledge.
Results
The hindered molecular motion leads to a random orientation change of the stationary and induced electric dipole moments of molecules. Owing to a small time lag, the induced moments give an appreciable contribution to the permittivity * at high frequencies, falling to the region of the infrared radiation. At low frequencies, the polarization of a polar dielectric is commonly due to the orientation ordering of polar molecules. In the case of relaxation polarization of a dielectric placed in a feeble field, one can calculate the complex permittivity of the matter independently on the HMM model by using the ordinary expression [3] :
where S and ∞ are, respectively, the static dielectric permittivity and the permittivity measured at very high frequencies ω of the external electric field; Φ( ) is a normalized ACF of the macroscopic polarization of the matter. For independent dipoles, Φ( ) is a normalized ACF of the "cosine" of the polar angle that relates the direction of the dipole moment to the electric field strength. In terms of spherical tensors, the function Φ( ) is equal, up to the factor 4π, to K (1) 0 ( ), the ACF of Y (1) 0 ( ), the zero component of the first rank, normalized spherical function:
With the help of expression 3, the basic relation 2 takes the form:
So, one can derive the explicit expression of the complex dielectric permittivity * (ω) by using expression 4, if the analytical form of the ACF K (1) 0 ( ) is known. We shall use the single-crystalline ACF deduced within the framework of the extended angular jump model (EJM) [5, 6] as
where φ and θ are the azimuth and polar angles of the electric field strength, determined with respect to the main axis of the crystal unit cell. The factor (1) α is the dynamical weight of the hindered state, symmetrized on the firstrank irreducible representation Γ α of the point symmetry group of the molecule motion. It obeys the normalization condition α
(1) α = 1. The value (1) α 0 (φ) is a numbering factor of the theory for the given angle φ. The variable τ α is the dynamical parameter, the symmetrized correlation time of the dipole moment. The subscript α labels the irreducible representations. After substituting expression 5 in expression 4, performing some transforms, and separating the real and imaginary parts of permittivity η, one can derive the reduced dielectric permittivity η and the reduced loss factor η as functions of φ, θ, and ω in the single-crystalline samples. They are equal, respectively, to
and
where the variable ω α ≡ τ (1) α is the symmetrized frequency of the dipole moment correlation. It is the dynamical parameter of the HMM theory, related to the microscopic properties of the motion by the following expression:
where ω α0 is the average frequency of attempts to overcome the barrier of the molecule random motion, is the probability of one-fold class rearrangement, χ αE and χ α are the characters of the identical class and the -th class of the HMM point symmetry group, respectively. To throw more light on the results given by expressions 6 -8, we present the graphs of the predicted spectra of the reduced dielectric permittivity η and the reduced loss factor η for some HMM symmetries in figures 1 -6. The graphs are drawn for the HMM, whose symmetry is adapted to the crystallographic point groups of pure rotation C ( = 3, 4, and 6), D ( = 3, 4, and 6), D 2 , and C 2 . In contrast to the theoretical spectra predicted by using the rotation diffusion model, one can denote from the presented spectra that the reduced dielectric permittivity does not decrease to zero for some crystal orientations when the HMM symmetry belongs to the axial groups C ( = 2, 3, 4, and 6). There is no anisotropy behavior of quantities η and η , whereas the motion symmetry group is a point group of the cubic system. That is why it is impossible to distinguish this kind of motion from the isotropic rotation diffusion motion by using dielectric, spectroscopic experimental data. The powder results of η and η have been discussed earlier [6] . 
Discussion
By developing the EJM model, the microscopic effect of two symmetries in the HMM has been taken into account [5] . The symmetry of the molecule motion was linked with the symmetrized correlation times τ . Another one, the symmetry of the site, was linked with the dynamical weights of the molecule motion hindered states (1) α . One can get the experimental values of τ and (1) α by studying, for example, the dependence of dielectric permittivity on the temperature and the single-crystal orientation. Due to the HMM, which consists of many molecular rearrangements, the molecule dipole moment transforms itself with a certain probability, according to the irreducible representations of a crystallographic point-symmetry group determined by the crystal structure. Therefore, we can assign a physical meaning to the weight of the hindered state (1) α , adapted to an irreducible representation, as the dipole-moment fraction transforming with respect to the given irreducible representation. It results in additional microscopic structural knowledge being available from the spectroscopic experimental data. It should be noted that the weight of a hindered state is equal to the normalized dimension of the appropriated irreducible representation in perfect crystals.
Conclusion
The described features of the dielectric properties of single crystals, composed of identical non-interacting polar molecules, were obtained by using the framework of the EJM model as the model of HMM. In the theory developed by Debye, this motion was assumed to be a random motion of the rigid rotator, where rotation diffusion constants have been related to the factors of hydrodynamic viscosity of the liquid state [1] [2] [3] [4] . However, it often appears that the rotation diffusion constants, determined by applying different spectroscopic techniques, do not equal each other, on one hand, and are not in accordance with the factors of hydrodynamic viscosity, on the other hand [7, 8] . Such divergence was due to the violation of one of the fundamental principles of physics about the narrowness of any theory of nature. It means that the hydrodynamic laws of continuous media are not valid at the microscopic molecular level. Unfortunately, this statement has been neglected by using the rotation diffusion model to explain the experimental molecular spectroscopic data in condensed substances composed of small molecules.
